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The sensitivity of shot noise to the interplay between Kondo correlations and superconductivity
is investigated in a carbon nanotube quantum dot connected to superconducting electrodes. De-
pending on the gate voltage, the SU(2) and SU(4) Kondo unitary regimes can be clearly identified.
We observe enhancement of the shot noise via the Fano factor in the superconducting state. Its di-
vergence at low bias voltage, which is more pronounced in the SU(4) regime than in the SU(2) one,
is larger than what is expected from proliferation of multiple Andreev reflections predicted by the
existing theories. Our result suggests that Kondo effect is responsible for this strong enhancement.
Introduction.—Kondo effect and superconductivity,
two typical many-body effects, emerge in various fields
of physics such as in heavy fermion systems [1], meso-
scopic systems [2, 3], and cold atoms [4, 5]. Kondo ef-
fect arises due to formation of a spin singlet between
a localized state and free conduction electrons with the
characteristic energy, kBTK, where kB is the Boltzmann
constant and TK is the Kondo temperature. An s–wave
superconductor, for its part, is characterized by a macro-
scopic wave function constituted of Cooper pairs singlet
with a binding energy ∆. The interplay between those
two many-body states has been shown to bring new in-
triguing fundamental physics such as quantum transi-
tions [6]. Superconductor–quantum dot–superconductor
devices (S–QD–S) [7–12] and QD–SQUID [13–15] tuned
in the Kondo regime are ideal platforms to study the
interplay between the two effects.
At equilibrium, a supercurrent is carried by Andreev
bound states (ABS) formed in the QD. The Kondo effect
manifests itself by screening the magnetic moment of the
ground state and induces a first order quantum transi-
tion as observed via the current phase relation [10, 13–15]
and spectroscopy experiments [12]. When the junction is
biased with a voltage V , non-equilibrium transport oc-
curs through multiple Andreev reflections (MAR) [7–9],
where an injected quasiparticle at energy, eV , transfers
effectively a charge me through the junction before es-
caping when the acquired energy, m× eV , is larger than
2∆ [16, 18–20].
Shot noise, non-equilibrium current fluctuation, is
a powerful tool to elucidate such transport mecha-
nisms [17]. For instance, large effective charges due to
the MAR mechanism depicted above have been detected
in the noise measurement in S–quantum point contact
(QPC)–S [21]. Regarding Kondo effect, experiments have
demonstrated that the many-body effect creates a pair
backscattering, which induces a large effective charge in
the non-linear noise [22–24]. Thus, it is appealing to look
for a signature of Kondo effect on the effective charge in
a superconducting junction. However, this topic is still
poorly addressed [25], in particular from the experimen-
tal point of view.
To explore this interplay, a carbon nanotube (CNT)
can be used as a QD to investigate how different sym-
metries of the Kondo states affect the superconductivity.
Indeed, electrons in a CNT possess two different degrees
of freedom, spin and orbital angular momenta, whose
degeneracy can be tuned by a gate voltage. This en-
ables us to study the SU(4) Kondo effect in the four-fold
degenerate case as well as the two-fold degenerate con-
ventional SU(2) Kondo effect [26–30]. Recently, it was
demonstrated that these symmetries yield different effec-
tive charge in the noise [24, 31]. It is thus legitimate to
expect a signature of symmetry in the noise associated
with MAR, which has never been explored.
In this Letter, we experimentally demonstrate that the
different Kondo symmetries appear in the conductance
and shot noise of an S–QD–S with unpredicted large Fano
factors (F ). We have identified three distinct Kondo
states, SU(2) at odd filling, SU(4) at odd filling, and
SU(4) at even filling. First, we show how the conduc-
tance is sensitive to these three different states. Then, we
demonstrate that the observed divergence of shot noise
at low bias voltage cannot be explained quantitatively
by the non-interacting MAR theory. This result clearly
points out a lack in the theory of shot noise in inter-
acting systems and provides a well-defined quantitative
measurement, which should trigger new developments in
the many-body physics.
Experimental setup.—The sample consists of a CNT
connected to Pd(6 nm)/Al(70 nm) superconducting
leads, where ∆ is 45 µeV [24]. Measurements are car-
ried out in a dilution refrigerator at 20 mK. We mea-
sure differential conductance (G(V ) ≡ dI/dV ) at source-
drain voltage V using a lock-in technique with an ac ex-
citation of 2 µV. The current noise spectral density SI
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FIG. 1: (color online) (a)(b) Color plot of G(V ) as a func-
tion of source-drain voltage (V ) and gate voltage (Vg) in the
N-state and in the S-state for the SU(2) symmetry, respec-
tively. The value, ∆ = 45 µeV, is extracted from the line at
eV = 2∆ which does not depend on Vg. (c) Vg dependence of
G(0) in the N-state (solid curve) and S-state (dashed curve)
for SU(2). Squares represent Kondo temperature TK. G(0)
reaches the unitary limit G = GQ in the N-state of SU(2),
ensuring a perfect left/right symmetric coupling of the QD.
n represents the number of electrons in the last shell of the
CNT dot. (d)(e) Color plot of G(V ) as a function of V and
Vg in the N-state and in the S-state for the SU(4) symmetry,
respectively. (f) Vg dependence of G(0) for the N-state (solid
curve) and S-state (dashed curve) and TK (square marks) for
SU(4). This work focuses on the three states, “SU(2)n3”,
“SU(4)n3”, and “SU(4)n2”, whose positions are represented
on the top of the figures.
is measured through a resonant LC circuit (2.58 MHz)
connected to a low temperature amplifier [32]. The de-
vice is set either in the normal (N) state or in the su-
perconducting (S) state by switching on and off a small
in-plane magnetic field of 0.08 T, respectively. Recently,
N-state characteristics were studied by conductance and
shot noise measurement [24, 31]. Since we focus on the
noise at a few MHz, measurement of the DC intrinsic
supercurrent is beyond the scope of the present experi-
ment. Indeed, supercurrent measurement requires a well
controlled electromagnetic environment and the use of
a few kHz low-pass noise filter to avoid external noise
which is not compatible with our noise set-up. However,
our setup is well suited for voltage biased conductance
and noise measurements on which we focus here.
Kondo effects in the N-state.—Figures 1(a) and (d)
show a color plot of G(V ) as a function of V and gate
voltage (Vg) in the N-state for SU(2) and SU(4), respec-
tively. The QD filling, which is controlled by Vg, consists
of successive shells of four electrons. We denote the num-
ber of electrons on the last occupied shell by n = 1, 2, 3,
and 4. The SU(N) symmetry can be distinguished from
the shape of these plots. The Kondo effect always yields
a maximum in the zero bias conductance G(0). It re-
sults in horizontal bright regions called Kondo ridges.
For SU(2) (Fig. 1(a)), this maximum only appears for
odd filling (n = 1 [not shown here] and n = 3). For
SU(4) (Fig. 1(d)), G(0) takes its maximum for n = 2 as
well as for n = 1 and 3, yielding an extended wide Kondo
ridge [24, 31], which is a typical behavior of SU(4) Kondo
state [26–29].
Vg dependence of G(0) in the SU(2) case is shown as
a solid curve in Fig. 1(c). The conductance at n = 3
reaches the unitary limit, GQ ≡ 2e
2/h, corresponding
to a single perfectly transmitting channel (transmission
probability: T ≃ 1), as confirmed by the absence of shot
noise [24]. We label this state “SU(2)n3”. The Kondo
temperature TK (square marks in Fig. 1(c)) is obtained
from the temperature dependence of G(0) [24]. Its min-
imum value is 1.6 K (kBTK = 137 µeV), which is about
three times larger than ∆.
The SU(4) conductance shown in Fig. 1(f) takes the
value GQ at quarter fillings for n = 1 and 3, while
it almost reaches its maximum 2GQ at half filling for
n = 2 [24]. The Kondo state at n = 3 is labeled
“SU(4)n3”, which corresponds to two half transmitting
channels (T1 = T2 = 1/2). The Kondo state at n = 2
(labeled as “SU(4)n2”) possesses two perfect channels,
T1 = T2 ≃ 1. Square marks in Fig. 1(f) represent TK,
which is estimated from the width of the conductance
because the large TK makes the conductance hardly de-
pend on temperature up to 800 mK. Note that the ex-
perimental condition is in the regime kBTK ≫ ∆.
To compare these three states (SU(2)n3, SU(4)n3,
and SU(4)n2), it is significant to have in mind that
both SU(2)n3 and SU(4)n2 correspond to half filling
with electron-hole symmetry, yielding perfect transmis-
sions. In contrast, SU(4)n3 is at quarter filling without
electron-hole symmetry, and has two half transmitting
channels, T1 = T2 = 1/2.
Kondo effects in the S-state.— Figure 1(b) presents a
color plot of G(V ) in the S-state for SU(2). A peak at
eV = 2∆ in G(V ) due to quasiparticle tunneling above
the gap appears at every filling factor (n). The zero
bias conductance G(0), represented as a dashed curve
in Fig. 1(c), is enhanced on the Kondo ridge (n = 3),
whereas it vanishes for n = 2 and 4. Note that the G(0)
has a minimum at half filling like the Kondo temperature,
which is consistent with Ref. [7].
The image plot in Fig. 1(e) and the dashed curve in
Fig. 1(f) show SU(4) Kondo effect in the S-state. The
zero bias conductance is only enhanced around n = 2,
whereas it is not the case at quarter filling (SU(4)n3).
Given the above discussion for the SU(2) state, this
result demonstrates that conductance is enhanced only
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FIG. 2: (color online) (a) eV/kBTK dependence of G(V ) at
n = 3 in the N-states for SU(2)n3 (solid curve) and SU(4)n3
(dashed curve). The conductance shapes are almost indis-
tinguishable. (b) eV/∆ dependence of G(V ) in the S-state
for SU(2)n3 (solid curve) and SU(4)n3 (dashed curve). For
SU(2), a single perfectly transmitting channel allows high or-
der MAR and high G(0), while two channels with low trans-
mission (T1 = T2 = 0.5) suppress G(V ) at low bias for
SU(4)n3. (c) I dependence of SI for SU(2)n3 in the N-
and S-states (solid and dashed curves, respectively). The en-
hancement around zero bias is due to high order MAR. (d) I
dependence of SI for SU(4)n3 in N- and S-states (solid and
dashed curves, respectively). The dashed lines correspond to
e∗ = e with F = 1− T = 1/2 and 2e with F = 1− T 2 = 3/4
(see text and Supplement).
when electron-hole symmetry holds. Like in the SU(2)
symmetry, the conductance has a local minimum at half
filling. Although a zero resistance state cannot be de-
tected as expected above, it is possible to extract a value
of the DC supercurrent (Ic) from the curve G(V ) by tak-
ing the circuit impedance into account (see Supplement).
Interestingly, this supercurrent follows the same shape as
G(0) and TK as a function of Vg.
In the following, we compareG(V ) and current noise SI
in the three Kondo states to show how Kondo symmetry
manifests itself in the S-state.
Conductance at n = 3.—We start to compare SU(2)n3
and SU(4)n3. Figure 2(a) shows G(V ) as a function of
the rescaled voltage eV/kBTK in the N-state. The two
curves are perfectly superimposed and reach the value
G = GQ in the both cases. However, in the S-state,
Fig. 2(b) shows a completely different shape for each
state. The zero bias conductance of SU(2)n3 is enhanced
to 3GQ, whereas it is suppressed to 0.5GQ for SU(4)n3.
In the absence of quantitative prediction for a Kondo-
correlated S–QD–S junction, the qualitative difference
between the SU(2) and SU(4) Kondo symmetries can
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FIG. 3: (color online) (a) eV/∆ dependence of G(V ) in the
S-state for SU(2)n3 and SU(4)n2, which correspond to the
electron-hole symmetry case. Those two states have perfectly
transmitting channels leading to high order interfering MAR,
which enhances G(V ) at low voltage. (b) eV/∆ dependence of
SI in the S-state for SU(2)n3 and SU(4)n2. Here, interfering
MAR enhances the low bias shot noise.
be caught by the single particle theory of MAR for
QPC [16, 18]. As depicted in the introduction, a quasi-
particle injected at energy eV < 2∆ experiences m − 1
Andreev reflections before escaping at energymeV ≥ 2∆
(with m ≥ 2). Since the probability of MAR transport
depends on the transmission as Tm, the following picture
emerges [18]. For low transmission, high order processes
have very low probabilities, and as a result, conductance
vanishes significantly at low voltage. On the other hand,
high order MAR processes are possible for high transmis-
sion, yielding a high conductance at low voltage. It is es-
tablished that the MAR processes happen sequentially in
low transmission junction, which transfer well-defined in-
teger effective charge [18, 21], e∗/e ≡ m = 1+Int
(
2∆
eV
)
,
whereas interferences between MAR lead to a continuous
increase of the effective charge in a high transmission
junction when lowering the bias voltage. In the latter
case, transport is equivalently described as Landau-Zener
transitions between ABS [33].
It is thus straightforward to explain qualitatively the
shape of G(V ) in the S-state shown in Fig. 2(b) for the
different Kondo symmetries at n = 3. SU(2)n3 has one
single high transmission channel, allowing MAR inter-
ferences and enhancing conductance at low voltage. In
contrast, SU(4)n3 has two semi-transparent channels,
T = 1/2, which suppresses the conductance at low volt-
age in the S-state. In addition, ∆ and 2∆ peaks in G(V )
appear more clearly for SU(4)n3 as expected in the se-
quential regime. There is a small peak at V = 0, which
is probably due to thermally activated MAR [34] since
its amplitude increases with increasing temperature.
Conductance at half filling.— Now, we compare Kondo
states at half filling (SU(2)n3 and SU(4)n2). Similarly
to SU(2)n3, SU(4)n2 has perfect channels and shows
high order interfering MAR, which greatly enhance G(V )
at low voltage (Fig. 3(a)). More quantitatively, in the
Supplement, it is shown that SU(2)n3 has a conductance
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FIG. 4: (color online) (a) Fano factor in the S-state at half-
filling. 1/|V | dependence of F = SI/2e|I | in the S-state for
SU(2)n3 (squares), SU(4)n2 (circles), and numerical calcula-
tion result for a QPC (triangles). The points are fitted with
Eqn. 1. α is the enhancement factor in the Kondo regime
compared to an S-weak link. (b) Vg dependence of the su-
perconducting noise enhancement α in the SU(4) case. α
shows its maximum in the state SU(4)n2 at the electron-hole
symmetric point.
smaller than the non-interacting prediction, whereas the
SU(4)n2 is better reproduced by the model. Note that
the theory assumes a constant density of states in the
normal part of the junction on the scale of the gap. This
is valid for SU(4)n2 with kBTK/∆ ≃ 15, but not for
SU(2)n3 with kBTK/∆ ≃ 3. Thus, the difference be-
tween the half-filling states may be due not only to the
symmetry but also to the energy dependence of the trans-
mission in the N-state.
Shot noise.— We clarify microscopic transport pro-
cesses in more detail with shot noise measurement. First,
let us see the difference between SU(2)n3 and SU(4)n3.
Figures 2(c) and (d) display the current dependence of SI
for SU(2)n3 and SU(4)n3 in the N- and S-states, respec-
tively. In the N-state, shot noise in a non-interacting sys-
tem is given by SI = 2eIF . We previously confirmed [24]
F ∼ 0 for SU(2)n3 and SU(4)n2, which correspond to
one and two perfect channels, respectively. In contrast,
F = 1/2 for SU(4)n3 due to two half transmitting chan-
nels.
In the S-state, we first note that we recover the same
slope as in the N-state for eV ≫ 2∆ for the two states
(Fig. 2(c) and (d)). For an odd filling, the two symme-
tries have different behavior at low current. Both present
broad peaks for the current I corresponding to eV = ∆.
Interestingly, for SU(4)n3, we observe that the noise at
∆ decreases with a slope corresponding to e∗ = 2e with
a Fano factor of 3/4, namely, SI = 2(2e)I × 3/4 [see
the dashed line in Fig.2 (d)]. This might be explained
by naively assuming that the transmission probability of
the first order MAR is given by T 2 = (1/2)2 and thus
F = 1− T 2 = 3/4 by simple analogy with the shot noise
in a single-channel QPC (see Supplement). The sharp
peak at I < 1 nA presumably corresponds to thermally
activated ABS, which can be observed as the small peak
in G(0) (see Fig. 2(b)).
In contrast, in the SU(2) symmetry, the noise is
greatly enhanced at low current below ∆ (solid curve
in Fig. 2(c)). Such an enhancement is also observed in
the SU(4)n2 state (Fig. 3(b)). It can be quantitatively
analyzed via the Fano factor, F ≡ SI/2eI. Fano factor as
a function of 1/V is shown in Fig. 4 (a). This plot is the
central result of the present work. In this representation,
theoretical curves, which do not include possible Kondo
correlations, for QPC of any transmission fall on the same
line corresponding to the expected number of transmit-
ted pairs, FQPC ≃ 2∆/eV (triangles in Fig. 4(a)) [18].
Our experimental results (circles and squares) are also
almost linear in 1/V . However, the slope is enhanced
by a factor α. Thus, we have fitted our result using the
formula,
F =
2∆
e
×
α
|V |
. (1)
We obtain α ≃ 2.2 for SU(2)n3 (kBTK/∆ ≃ 3) and
α ≃ 10.8 for SU(4)n2 (kBTK/∆ ≃ 15). In the SU(4)
symmetry, we have measured the dependence of α with
the filling factor (Fig. 4(b)). It has clearly a maximum
at half filling and decreases around α = 2 at quarter fill-
ing (SU(4)n3). In addition, we have checked that this
effect disappears when temperature increases (see Sup-
plement). These results suggest that MAR interferences
are affected by the Kondo effect, which enhances their
noise. This effect is maximum in the limit, TK ≫ ∆, and
probably in the SU(4) symmetry. Although it has been
shown that at very low voltage, the noise of a S–QD–S
junction is very non-linear and depends on microscopic
details of the QD such as the relaxation time [35, 36], we
argue that universality of Kondo effect should make our
observation very general.
Conclusion— In conclusion, we have measured non-
equilibrium superconducting proximity effect through a
CNT QD in the SU(2) and SU(4) Kondo regime. Us-
ing the non-interacting MAR theory, the difference in the
conductance and the shot noise can be qualitatively ex-
plained from the different sets of transmissions given by
the different symmetries of the Kondo states. However,
no quantitative agreement can be achieved, calling for a
theory of fluctuations for the Kondo-superconductivity
interplay in the non-equilibrium regime. In particular,
we observe a strong enhancement of the Fano factor at
low bias which bears the signature of Kondo effect and
is more pronounced in the SU(4) symmetry. These re-
sults should trigger further developments on fluctuations
in competing many-body systems.
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